Prom the Dynamically Nanostructured Liquid to the Glassy State: A 

Phenomenological Approach 
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Based on experimental evidences we present a phenomenological description of the thermal glass 
transition as a dynamical phase transition. Different susceptibilities calculated on the basis of this 
description are in good qualitative agreement with experimental data. As an essential feature this 
novel view of the glass transition reflects the kinetic as well as the transition aspect of the thermal 
glass transition. 

PACS numbers: 64.70.Pf, 62.20.Dc, 65.60. +a, 78.35.+C 



In the last twenty years of theoretical and experimental 
work on glasses a tremendous amount of details has been 
elucidated, see U-§. The most impressing advances in 
the understanding of the freezing of liquids were obtained 
by the mode coupling theory (MCT) |^| and through nu- 
merical simulations M. Unfortunately, there seems to 
be no direct bridge || from the MCT transition to the 
thermal glass transition (TGT) because the first one oc- 
curs at about 40 K above the TGT. The slow progress in 
the understanding of the glass problem is probably due to 
the contradictory experimental findings: The TGT shows 
clear kinetic as well as phase transition features [p|-[l2|. 
Because of the obvious kinetic features the majority of 
the publications in the field (see e.g. |2 p^ , p^ |) follows the 
idea that the TGT is due to an accidental cross-over of 
time scales, i.e. a cross-over of the structural relaxation 
times (of the a-relaxation) with the experimental time 
scales involved. There exist however serious theoretical 
|l5j and experimental [p|-[i2[ works which clearly indicate 
the existence of a well defined glass transition tempera- 
ture T gs . Our own studies, performed with a novel time 
domain Brillouin light scattering technique led us to the 
conclusion that an intrinsic glass transition indeed exists. 
Moreover the crossing of time scales can be overcome and 
consequently the intrinsic glass transition at T gs can be 
detected experimentally |P,|i~0||. 

Based on experimental facts, we present the following 
phenomenological description of the TGT as a dynamic 
phase transition which merges both the influences of the 
experimentally confirmed transition- and kinetic influ- 
ences due to the thermal history of the sample on those 
susceptibilites which are affected by the TGT. We shall 
test our phenomenological approach with respect to some 
important experimental facts, which any reliable model 
calculation should reflect: 

i.) The (operative) thermal glass transition temper- 
ature, T g , is displayed by kink-like, jump- like or bend- 
ing anomalies in static quantities like the mass density, 



the elastic stiffness constants, the enthalpy, the volume 
expansion coefficient etc. The static shear stiff- 

ness c| 4 (T) jumps at the glass transition temperature T gs 
yielding cf 4 (T) = for T > T gs and c s M {T) = cf 4 ass (T) 



for T < T gs . ii.) A dynamic glass transition temperature 
rpdyn > can ^ e defineci by the cross-over of the probe 
frequency u) with the structural relaxation frequency ui a 
which accompanies the freezing process. The structural 
a-relaxation time r a — w" 1 is proportional to the shear 
viscosity of the glass-forming material. At probe frequen- 
cies in the GHz regime, the difference Tp n - T gs usually 
exceeds 100 K. The temperature interval T gs <T< T^ n 
for which ujr a ^> 1 holds is called the slow motion regime. 
Susceptibilities determined in the slow motion regime are 
dynamically frozen quantities. In spite of their dynam- 
ically clamped character, these susceptibilities like the 
hypersonic shear stiffness or the refraction index show a 
kink-like anomaly [fill at the same temperature as static 
quantities like the specific volume jl?]- |l9| . The only pos- 
sibility to relate this kink anomaly to a cross-over of time 
scales is to find another experimental time-scale indepen- 
dent of the probe frequency. The remaining time usually 
available in an experiment is due to the cooling scenario, 
iii.) These kink- like anomalies sharpen with decreasing 
cooling rates and cannot be shifted continuously to lower 
temperatures by a further decrease of the cooling rates, 
there seems to exist a lower boundary for T g yielding 
Mm{T g ) = T gs iv.) 



T g is usually derived from 



the intersection point of the high temperature with the 
low temperature asymptote in the case of kink-like and 
bending anomalies, or by inflection- or onset-points in 
the case of jump-like anomalies (||p|. v.) T g depends 
on the heating or cooling rate and thus shows kinetic 
features P,|i~3||. vi.) Although the absolute values of 
phenomenological susceptibilities within the glassy state 
may depend on the thermal history of the sample, the 
temperature derivatives of these susceptibilities remain 
almost invariant P,[L3| . vii.) From the structural point of 
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view the TGT is an isostructural transition, viii.) Usu- 
ally the structural glass relaxations (a-process) follow a 
Vogel-Fulcher-Tamman (VFT) behaviour. However, on 
an extremely long time scale, close to the intrinsic glass 
transition, an Arrhenius law with a cut-off frequency was 
observed, see fig. [/| ix.) Neither the limiting tem- 

perature To due to the VFT behavior nor the Kauzmann 
temperature Tk of the entropy catastrophe has been ob- 
served experimentally P~p^[. x.) The elastic anhar- 
monicity displayed by the longitudinal mode Griineisen 
parameter behaves discontinuously at the thermal glass 
transition and this discontinuity cannot be removed by 
annealing |p0 21 1. 

The basis for the following phenomenological descrip- 
tion is the cut-off behaviour of r Q shown in fig. [l] |s|-|l^1 

f Ae AG / RT ■ T > T 
r a (T) = \ 2 [ (1) 
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with A: inverse attempt frequency, AG: activation en- 
thalpy, R: universal gas constant. A similar Arrhenius 
law with a clear cut-off at a distinguished temperature 
was found by Liity et al. for the order-disorder transition 
of CN~ molecules |22j . We assume as a working hypothe- 
sis that the TGT is a dynamic phase transition which is 
governed by the temperature dependent relaxation time 
given by eq. ([!]). The model is moreover based on the 
fact that the TGT shows besides its phase transition 
character (i, ii, viii, x) obvious kinetic features includ- 
ing non-ergodicity (hi, iv, v, vi, ix). Thus it can hardly 
be described in the setting of a classical order parame- 
ter scenario and critical slowing-down. We assume that 
within the high-temperature phase the freezing process 
is accompanied by the formation of nano-sized regions of 
which we think as of dynamic randomly closed packed 
clusters (rep's). Sufficiently close but above T gs the rep's 
are dynamically percolated in the sense that they form a 
temporary chain-network consisting of rep's which have 
an average life-time r a (T). r a (T) may be viewed as a 
temperature-dependent internal clock within the mate- 
rial which defines a unique intrinsic glass transition tem- 
perature T gs by the condition that uj a — t~ (T) drives 
all dynamic properties relevant for the freezing process. 
Thus we admit that the transition parameter w a (T) con- 
trols the glass transition simultaneously in three areas: 
a) Influence on the structure (see below), b) Dynamic 
influence: response to a periodic perturbation (probe fre- 
quency), c) Kinetic influence: response to temperature 
perturbation (time domain). 

The structural properties close to the the TGT are de- 
termined by the mass ratio x rcp — m rcp /m where m is 
the total mass of the sample and m rcp the total mass of 
rep's. If every relevant experimental time constant r exp 
is always larger than the instrinsic time constant T a (T), 
we assume that the concentration of the rep's is zero 
at sufficiently high temperatures and has to go contin- 
uously to one on approaching T gs . Taking into account 



that x rcp (T) is intimately related to the specific volume 
of the glass-forming material, its temperature derivative 
must jump at T gs although this step in the volume ex- 
pansion coefficient is often smeared out in experimental 
data. These basic requirements can be fulfilled by a sim- 
ple relation depending only on the transition parameter 



rep 



(T) 



e -(u, a (T)-u, a (T gs )) . T > T 

1 ; T<T n . 



(2) 



Eq. (g) incorporates the idea that at temperatures T gs +e 
(where e <C 1), a stationary interchange between liquid 
and rcp-phase takes place. As soon as the minimum fre- 
quency uj a (T gs ) is reached, any molecular dynamic re- 
lated to the liquid-glass transition becomes so slow that 
it spontaneously dies. Although (^|) is an ad hoc assump- 
tion, it works remarkably well in model calculations. 

According to our model and in line with experimental 
data the transition parameter u> a {T) furthermore con- 
trols dynamic properties like the shear stiffness C44 (T) or 
the shear viscosity 7744 (T). In order to demonstrate the 
effect of u a (T) on C44(T) in the vicinity of the glass tran- 
sition we use the Debye-process as the simplest relaxation 
model. Other relaxation models can easily be incorpo- 
rated in our phenomenological approach. The real part 
of the dynamic shear stiffness c\ a {uj) is given by 



iwr/44 



1 + ILOl 



(3) 



If the experimental time constant T expT of the cooling 
or heating process becomes equal or smaller than the 
structural relaxation time r a , the sample will fall out of 
thermal equilibrium. In other words, in the vicinity of 
the glass transition the phonon bath controlling the tem- 
perature of the sample is already in equilibrium whereas 
the dynamic "nano-composit" is not. Any quantity Q(T) 
describing thermal recovery processes close to T gs is ex- 
pected to depend on uj a (T). A simple expression which 
takes into account the behaviour close to T gs and the 
dying-out for high T and large r expT is 



Q(T) = l-q 



expT 

IPT /r a (T) 
IPT /r a (T ga ) 



T>T< 
T <T, 



(4) 



Here qo describes the degree of possible quenching. Even 
in the long-time limit the permanent creation and anni- 
hilation of rep's within the glass-forming liquid perma- 
nently changes the network structure and thus hinders 
the formation of a rigid network above T gs . The appear- 
ance of the glass transition will strongly depend on the 
relative magnitude of each individual influence given by 
(§), (§) and ®). 

Experimentally, the specific volume in the glassy state 
as well as in the liquid state behaves linear over a wide 
range of temperatures (e.g. Jl7|-^9[) but the volume ex- 
pansion coefficients of the liquid state are higher than 
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those of the glassy state (a; > a g ). The position of 
the operative T g depends on the cooling rate whereas 
ai and a g remain unchanged Jis| ]. If the mass den- 
sity is measured with a purely static experimental tech- 
nique, the only relaxation phenomenon expected is that 
which emerges from the temperature perturbation on ap- 
proaching T gs , being expressed by the experimental time 



c22(T, x rcp (T)) 



scale 



expT • 



We assumed above that sufficiently close 



but above T gs the rep's are above the percolation thresh- 
old. This condition guarantees the onset of mechanical 
rigidity of glass-forming samples at T gs (i). When ap- 
proaching T gs from above, from (|^) the rep concentra- 
tion increases towards one. At the same time the related 
network needs increasing time in order to reach its dy- 
namic equilibrium structure. The equilibrium specific 
volume v eq (T) depends on the specific volume of the liq- 
uid part v l (T) = v lo (l + a l {T - T gs )), on the rep part 
v rcp {T) = v rcpo {l + a rcp {T - T gs )), and on x rcp (T) 

V ^(T) = v l (T){l - x rcp {T)) + v rcp {T)x rcp (T) (5) 

Thus the ideal glass transition described by v eq (T) is 
determined by the kink- like anomaly of x rcp (T) at T gs . In 
order to incorporate the competition between the thermal 
treatment given by T expT and the transition parameter 
uj a on the specific volume given by eq. (||), we use the 
following simple relation 



v(T)=Q(T, TexpT )v eq (T) 



(6) 



We have calculated the relaxing specific volume of a 
rcp-liquid composite above and below the glass transi- 
tion using the relaxation data obtained for polyvinylac- 
etate (PVAc) For v l {T) and v rcp (T) we have 

anticipated the linear temperature dependencies given 
above. Fig. || gives the calculated specific volume curves 
for different experimental time constants. These results 
are in reasonable qualitative agreement with specific vol- 
ume data |]l7|] . In accordance with experimental observa- 
tions for increasing cooling rates the w(T)-curves become 
increasingly bent and the operative transition anomaly 
expected at T g is gradually shifted to higher tempera- 
tures with decreasing experimental time constants r expT . 
Moreover, with increasing cooling rates the true transi- 
tion at T gs becomes more and more hidden. The opera- 
tive glass transition temperatures T g shown in fig. || are 
unrelated to the true transition at T gs but are a measure 
for the cross-over of the transition frequency uj a with the 
experimental time scale r expT . 

At high probe frequencies, the jump-like discontinuity 
of the static shear stiffness at T gs transforms into a kink- 
anomaly (ii), which at even higher temperatures (tran- 
sition from the slow motion to the fast motion regime) 
is followed by a mechanical slowing-down to zero. If a 
glass-forming liquid relaxes according to a Debye law, 
one calculates from (||) the real part of the complex dy- 
namic shear modulus of a liquid p3| as 



i Deb jT,Xrc P (T),T exp J - 1 + (Wa ' (T)Texj J 



(7) 



where c^(T,x rcp (T)) is the temperature-dependent 
shear stiffness as measured at very high frequencies which 
close to but still above TGT may significantly depend on 
the thermal treatment of the sample. By our definition, 
c^(T, x rcp (T)) depends on the concentration of the rep's 
and on the temperature. In order to account for the ef- 
fect of x rcp {T) on cg(T, x rcp {T)) we use the Voigt model 
p4j to account for the elastic interaction of the liquid 
part C4 4 (T) and the rep part c^ p (T) within the sample 

c? 4 (T,x rcp (T)) = 4(T)(1 - x rcp {T)) + c r 4 c /(T)x rcp (T) 

We assume for the elastic modulus of the liquid 
part cl 4 (T) = c 4 ° 4 (l + a\ A {T - Tg.)) and for the 
rep part cH P (T) = c r ^l a (l + aH P (T ~ T gs )) where 
C44, a 44 , c A c A P0 , Qf44 P , T gs are constants. Since the mechan- 
ical properties of the rep's are expected to deviate only 
slightly from those of the liquid phase, the measured data 
will be rather insensitive with respect to the chosen com- 
posite model (Voigt or Reuss) Finally we take into 
account the effect of the cooling/heating procedure on 
the elastic shear stiffness by combining eqs. (|[0). It 
turns out that the influence of the thermal history on 
the recovery of the elastic constants can be incorporated 
in the same formal way as it was done for the specific 
volume, yielding 



c 44(-^) — Q{T, T expT )c, 



apT^44 Dclse 



(T) 



(8) 



According to the results shown in fig. || eq. (||) de- 
scribes at least qualitatively the static and dynamic elas- 
tic behavior around the glass transition including ther- 
mal recovery effects. The genuine discontinuous change 
of the static shear modul at T gs is well described. As 
mentioned above we have for the first time observed the 
discontinuous behaviour of the a-relaxation process for 
PVAc §-[[!]. Therefore the c 44 (T)-curves in fig. | have 
been calculated on the basis of data for the activation en- 
ergy and the attempt frequency of the a-process of this 
material. Since PVAc has an almost vanishing scatter- 
ing cross-section for shear phonons, the shear modulus 
is hard to measure. However the qualitative behaviour 
of the dynamic shear modulus shown in fig. |^ was of- 
ten reported in literature (e.g. p5| , pr| ). The cross-over 
of the hypersonic probe frequency with the internal glass 
relaxation process happens at temperatures well above 
Tg S . This indicates that the kink- like anomaly close to 
Tgs has nothing to do with a cross-over of the probe fre- 
quency with the a-relaxation time. 

In conclusion, we have introduced a new working hy- 
pothesis treating the ideal glass transition as a dynamic 
phase transition. We identify the jump in the transition 
parameter uj a (T) = r" x (T) at T = T gs , see eq. (0), 
as the fundamental feature of the glass transition. This 
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sole feature, when combined with standard knowledge 
on glasses, allows one to predict the temperature- and 
time- dependence of susceptibilities sensitive to the glass 
transition in good agreement with experimental data, re- 
flecting at the same time phase transition and kinetic 
phenomena. 
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FIG. 1. Activation Plot of ui a (T) = t^{T) taken from 
refs. |^-[l2|. At temperatures below (a) no further relaxation 
could be found (see text). 



FIG. 2. Specific volume v (curves a-c) and shear stiffness 
C44 (curves d-f) as a function of temperature calculated from 
eqs. (|6]]8|) with different experimental time constants: (a) 
Tex PT = 10 9 s (b) T expT = 10 3 s (c) r expT = 10 _1 s and (d) 

TexpT — -10 S, Texp^ — 10 S (s) T e xpT — 10 S, T^xp^j — 10 S 

(f) r expT = 10 _1 s, r exPw = 10~ 6 s. T gl ,T g2 - operative glass 
transition temperatures. 
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